Introduction {#sec1-1}
============

During dental treatments, patients may experience negative emotions associated with the procedure.\[[@ref1]\] These negative emotions could cause patients to fear and delay dental treatment, and to miss treatment opportunities because of the delay, causing more serious damage. In addition to the negative emotions due to direct nociceptive stimulation, the auditory stimuli from the dental instrument (i.e., ultrasonic scaling handpiece) may induce emotional changes in the patient, but this topic has not yet been explored in the recent literature.

Most research demonstrates that negative emotions are associated with activation of the amygdala\[[@ref2][@ref3]\] and that these negative emotions may be due to olfactory,\[[@ref4]\] gustatory,\[[@ref5]\] visual,\[[@ref6]\] or auditory stimulation. Specific to auditory stimulation, noxious stimuli include unpleasant music,\[[@ref7]\] high-decibel firing alarms,\[[@ref8]\] the sound of fingernails scratching across a blackboard, and rubbing of Styrofoam,\[[@ref9]\] all of which have been associated with activation of the amygdala. Other studies have reported the emotional responses caused by unpleasant music to activate the right prefrontal cortex.\[[@ref10]\] The effect of dental equipment sounds on cerebral cortex activation has not been previously studied, however, and is therefore being reported on in this current study.

Functional magnetic resonance imaging (fMRI) is an ideal tool for observing cerebral cortical activities\[[@ref11][@ref12][@ref13]\] as it allows for the comparison of oxygenated hemoglobin in different cortical regions. Cerebral blood flow varies with the intensity of the stimulus, and stronger stimuli elicit higher levels of oxygenated hemoglobin in activated areas. Therefore, by comparing the distribution of oxygenated hemoglobin at any point in time, we are able to observe metabolically active areas of the brain. This study chose fMRI as the key investigative tool due to its noninvasive and nonradioactive properties. Furthermore, sectional imaging in fMRI allows for the monitoring of metabolic activities from the superficial tissue to the deeper brain structures, providing for localization of the metabolically active areas of the cortex at a particular point in time.

In this study, subjects were exposed to the sound from the ultrasonic scaling handpiece commonly heard in dental calculus removal treatments. Their cortical response was imaged with fMRI in order to provide a picture of the cortical blood oxygen-level-dependent (BOLD) contrast imaging during auditory stimulation and to demonstrate the aversive effect dental equipment sounds had on the cerebral cortex.

Methods {#sec1-2}
=======

Subjects {#sec2-1}
--------

Seven male subjects (age range 23\~35 years, average 26 ± 4 years, all right-hand-dominant) were recruited for this study. The subjects underwent pure-tone audiometry testing and were confirmed with a hearing threshold of less than 20 dB hearing level (HL). Middle-ear auditory analysis, otoacoustic emission tests (OAE), and auditory brainstem responses (ABR) were also performed to ascertain normal neuroauditory pathways. All test data were appraised by an otolaryngologist. None of the subjects had a history of brain surgery and/or neural pathologies. In addition, the number of previous scalar treatments in the patient\'s lifetime was more than five times. This study was approved by the Institutional Review Board of Chang Gung Memorial Hospital, and informed consent was obtained from all participants. The experiment was conducted in accordance with the Declaration of Helsinki. In addition, all subjects were interviewed based on their subjective perception after the routine treatment of dental calculus removal.

Auditory stimuli {#sec2-2}
----------------

Auditory stimuli used in the study were recorded in the dental clinic of Chang Gung Hospital during a routine treatment of dental calculus removal. The dental chair (Kavo, Biberach, Germany) was used in this study. The hardware used to record the noises produced by working dental instruments (i.e., ultrasonic scaling handpiece) in this study was a National Instruments PXI 1042 (National Instruments, Austin, TX, USA) with data acquisition cards PXI 4461 and PXI 4462 (National Instruments) as well as one G.R.A.S. microphone (Type 46AE, National Instruments). During recording of the instrument-generated noises, a dentist operated an instrument and sat at the same position as he would during an actual operation. A microphone was set up 10 cm away from the subject\'s ear to record the instrument-generated noises in the operating room, as illustrated in [Figure 1](#F1){ref-type="fig"}. The average distance between the microphone next to the subject\'s ear and the operating dental instrument was 20.2 ± 3.9 cm. It included sound from an ultrasonic scaling hand piece \[14564 Hz, 80 dB sound pressure level (SPL), 15 s\] and power suction (1604 Hz, 80 dB SPL, 15 s). In addition, the study also utilized a pure-tone stimulus of 1000 Hz, duration 15 s, produced via Audition 2.0 software (Adobe Systems, San Jose, CA, USA). Each pure note had a wavelength of 800 ms with an interval of 200 ms. The auditory stimulation protocol utilized a "block" design, where each of the three recordings was played in a random nonrepetitive fashion to the subjects, as shown in [Figure 2](#F2){ref-type="fig"}.

![Positions of the dentist, the subject, and microphone during noise recording: (a) dentist, (b) subject, (c) microphone 10 cm away from subject\'s ear (unit: cm)](NH-17-337-g001){#F1}

![Auditory stimuli were presented in a "block" design, where the three recordings were played in a random but nonrepetitive fashion to the subjects](NH-17-337-g002){#F2}

Experimental procedure {#sec2-3}
----------------------

The subjects underwent complete dental calculus removal treatment at Chang Gung Hospital Dental Clinic prior to the start of the study. Within 1 h of completing the treatment, subjects presented to the Chang Gung Hospital Radiology department for fMRI imaging. The equipment used was a 3 Tesla MRI system (Trio a TIM system, Magnetom, Siemens, Erlangen, Germany). The subjects were exposed to 10 min of the recorded auditory stimulus during imaging, with the three recordings played in a random, nonrepetitive fashion. Subjects were advised to indicate when they heard each change of recording type by pressing down a buzzer in their hands. This allowed for comparison between the cortical images and the particular auditory stimuli being played at the time.

Setting of fMRI parameters {#sec2-4}
--------------------------

The images obtained in this study were produced with single-shot T2-weighted echo planar imaging. Imaging areas included the cerebellum and the cerebral cortex, consisting of 44 slices with a sectional thickness of 3 mm each. Image parameters were repetition time (TR)/echo time (TE)/flip angle = 3000 ms/35 ms/90°, matrix size = 64\*64, field of view (FOV) = 192 mm, for each subject; T1-weighted images were also used for comparison. Image parameters for T1-weighted images were TR/TE/flip angle = 9 ms/4.2 ms/90°, spatial resolution 0.86 mm \* 0.86 mm \* 1.0 mm.

fMRI data analysis {#sec2-5}
------------------

In order to quantify activation of metabolically active regions, fMRI images have to be analyzed, and the mode of analysis can determine accuracy of interpretation. Recent studies of similar topics utilized three major forms of analysis:

Fixed-effect analysis,Random-effect analysis, andMixed-effect analysis.

The analytical procedures are shown in [Figure 3](#F3){ref-type="fig"}. Differences in study design and result clusters have a direct influence on the analytical method used. In the present study, mixed-effect analysis was used for image interpretation. The analytical software for fMRI is SPM5 (Wellcome Trust Functional Imaging Laboratory, London, UK) under the main command platform MATLAB 7.1 (MathWorks, Inc., Natick, MA, USA). Images were standardized with SPM5 internal reference parameters and subsequent minor curve smoothing. The images were analyzed with the independent sample confirmatory *t*-test via mixed-effect analysis. The final result was subjected to "xjview" in the SPM5 software to determine the areas of metabolic activity and degree of stimulation. All results had a *P* value \< 0.05.

![fMRI data analysis logarithm](NH-17-337-g003){#F3}

Results {#sec1-3}
=======

Analysis with SPM5 of subjects exposed to the auditory stimuli from an ultrasonic scaling handpiece \[[Table 1](#T1){ref-type="table"}\] revealed an area of activity in the superior temporal gyrus, with the right hemisphere demonstrating a Voxel-level *T* value of 4.96 and a *Z* value 2.93, and the coordinates were X = 68, Y = −44, Z = 20; the left-hemisphere Voxel-level *T* value was 3.36, *Z* value 2.38, and the coordinates were X = −68, Y = −44, and Z = 16. According to Brodmann\'s area classification, both the left and right coordinates were within area 22. The area of activity in the middle frontal gyrus was predominantly in the right hemisphere, its Voxel-level *T* value was 5.13 and *Z* value 3.07, and its coordinates were X = 36, Y = 62, and Z = 0; it was located in Brodmann\'s area 10. In addition, activity was also identified in the amygdala area, Voxel-level *T* value 2.71 and *Z* value 2.12, and its coordinates were X = 28, Y = −6, and Z = −22.

###### 

Properties of the three auditory stimuli as obtained by fMRI

  Condition                               L/R    *Z*        Region of activation   Brodmann's area   *X*, *Y*, *Z*   *P*
  --------------------------------------- ------ ---------- ---------------------- ----------------- --------------- ------
  Ultrasonic scaling handpiece --- base   R      2.93       STG                    22                68, −44, 20     0.01
  L                                       2.38   STG        22                     −68, −44, 16                      
  R                                       3.07   MFG        10                     36, 62, 0                         
  R                                       2.12   Amygdala                          28, −6, −22                       
  Power suction --- base                  R      2.23       STG                    22                62, −28, 2      0.05
  L                                       1.71   STG        22                     −66, −50, 10                      
  R                                       2.02   MFG        10                     46, 52, 2                         
  1000 Hz --- base                        R      2.62       STG                    22                64, −20, 0      0.01
  L                                       2.20   STG        22                     −56, −4, −6                       
  R                                       2.77   MFG        10                     34, 58, −2                        

STG = Superior temporal gyrus, MFG = Middle frontal gyrus

Analysis of subjects exposed to auditory stimuli from power-suction equipment \[[Table 1](#T1){ref-type="table"}\] revealed an area of activity in the superior temporal gyrus. In the right hemisphere, the Voxel-level *T* value was 2.93 and *Z* value 2.23, and its coordinates were X = 62, Y = −28, and Z = −2; in the left hemisphere, the Voxel-level *T* value was 2.06 and *Z* value 1.71, and the coordinates were X = −66, Y = −50, and Z = 10. Both the left and right coordinates corresponded to Brodmann\'s area 22. Area of activity in the middle frontal gyrus was located predominantly in the right hemisphere. Voxel-level *T* value was 2.58 and *Z* value 2.02, and its coordinates were X = 46, Y = 52, and Z = 2, located in Brodmann\'s area 10. There were no areas of activity associated with the auditory stimuli in the amygdala.

Exposure to pure tone \[[Table 1](#T1){ref-type="table"}\] indicated an area of activity in the superior temporal gyrus. The right hemisphere Voxel-level *T* value was 3.82 and *Z* value 2.62, and the coordinates were X = 64, Y = --20, and Z = 0; and left hemisphere Voxel-level *T* value was 2.89 and *Z* value 2.20, and the coordinates were X = --56, Y = −4, and Z = −6. Both coordinate sets corresponded with Brodmann area 22. Activities from the middle frontal gyrus demonstrated a predominantly right-sided area of activity. Its Voxel-level *T* value was 4.22 and *Z* value 2.77, and its coordinates were X = 34, Y = 58, and Z = −2, classifying it into Brodmann\'s area 10. There was no region of activity associated with the amygdala.

Two-sample-test analysis between auditory stimuli from ultrasonic scaling equipment and pure tone \[[Table 2](#T2){ref-type="table"}\] revealed that the ultrasonic scaling stimulus induces comparatively higher levels of stimulation. Active areas in the superior temporal gyrus (right hemisphere) had a Voxel-level *T* value of 4.72 and *Z* value 3.48 with coordinate X = 68, Y = −20, and Z = 4; left hemisphere Voxel-level *T* value was 3.93 and *Z* value 3.09, and its coordinates were X = −54, Y = −6, and Z = −8; both coordinate sets corresponded with Brodmann\'s area 22. The area of activity in the middle frontal gyrus was located in the right hemisphere with a Voxel-level *T* value of 3.05 and *Z* value of 2.58, and coordinates of X = 40, Y = 58, and Z = 0, placing it in Brodmann\'s area 10. The area of activity in the amygdala \[[Figure 4](#F4){ref-type="fig"}\] had a Voxel-level *T* value of 3.18 and *Z* value of 2.72, and coordinates X = 26, Y = −6, and Z = −14.

###### 

Results of two-sample *t*-test between ultrasonic scaling handpiece vs power suction, and ultrasonic hand piece vs 1000-Hz pure sound

  Condition                                       L/R    Z          Region of activation   Brodmann's area   X, Y, Z       *P*
  ----------------------------------------------- ------ ---------- ---------------------- ----------------- ------------- ------
  Ultrasonic scaling handpiece vs 1000 Hz         R      3.48       STG                    22                68, −20, 4    0.05
  L                                               3.09   STG        22                     −54, −6, −8                     
  R                                               2.58   MFG        10                     40, 58, 0                       
  R                                               2.72   Amygdala                          26, −6, −14                     
  Ultrasonic scaling handpiece vs power suction   R      2.31       STG                    22                52, −60, 14   0.01
  L                                               1.74   STG        22                     −60, −40, 4                     
  R                                               3.29   MFG        10                     38, 40, 14                      
  R                                               2.58   Amygdala                          24, −2, −22                     

STG = Superior temporal gyrus, MFG = Middle frontal gyrus

![Region of amygdala activity obtained by subtracting areas of activities between ultrasonic scaling handpiece and 1000-Hz pure sound. (Voxel-level *T* value = 3.18, *Z* value = 2.72, *P* value \<0.5)](NH-17-337-g004){#F4}

Two-sample-test analysis of auditory stimuli between ultrasonic scaling and power suction equipment was also conducted. Comparison of stimulated areas between the two sources indicated that stimulation was comparatively more intense with auditory stimuli from ultrasonic scaling equipment \[[Table 2](#T2){ref-type="table"}\]. The area of stimulation on the right hemisphere superior temporal gyrus had a Voxel-level *T* value of 2.68 and *Z* value of 2.31, and coordinates X = 52, Y = −60, and Z = 14; left hemisphere Voxel-level *T* value was 1.88 and Z value 1.74, and its coordinates were X = --60, Y = −40, and Z = −4. Both areas of activity were located in Brodmann\'s area 22. The area of stimulation in the middle frontal gyrus was again located on the right hemisphere, with a Voxel-level *T* value of 4.32 and Z value 3.29, and coordinates X = 38, Y = 40, and Z = 14, placing it in Brodmann\'s area 10. The area of activity in the amygdala \[[Figure 5](#F5){ref-type="fig"}\] had a Voxel-level *T* value of 3.05 and *Z* value 2.58, and coordinates of X = 24, Y = −2, and Z = −22. All values were statistically significantly with a *P* value \<0.005. In addition, the results of the subjective perception interview revealed that all subjects had unpleasant feelings during dental treatments.

![Region of amygdala activity obtained by subtracting areas of cortical activities between ultrasonic scaling handpiece and power suction. (Voxel-level *T* value = 3.05, *Z* value = 2.58, *P* value \<0.5)](NH-17-337-g005){#F5}

Discussion {#sec1-4}
==========

From our results in [Table 1](#T1){ref-type="table"} it can be observed that Brodmann\'s area 22 was activated in subjects exposed to auditory stimuli from ultrasonic scaling, power suction equipment, and 1000 Hz pure sound. Brodmann\'s area 22 is known as the auditory association area, with functions relating to auditory memories and language comprehension, so it was not surprising to observe activity in this region upon auditory stimuli from the dental equipment.

Brodmann\'s area 10 was also stimulated by the dental equipment sounds. The main function of this brain region is cognition and memory consolidation. We speculated that upon hearing the auditory stimulus the subjects searched through existing memories for similar experiences,\[[@ref14]\] and the presence of past experience further enhanced recognition of the particular sound. The medial and lateral parietal lobes also possess similar functions in memory consolidation; however, no activities were detected during our studies in these areas in response to the auditory stimulation. Possible reasons include the fact that the subjects were advised prior to the study to concentrate on the auditory stimuli during the session, and this priming prevented subjects from processing the auditory stimuli in comparison to existing memories. Thus, the low levels of activity in the lateral\[[@ref15]\] and medial aspects of the parietal lobes may have been undetectable by imaging.

The biggest observed difference was in the amygdala, which was activated during exposure to auditory stimuli from the ultrasonic scaling machine but not from the power suction or 1000-Hz pure sound. The amygdala is an integral component of the limbic system. In humans, it mostly processes negative emotions;\[[@ref8][@ref16]\] its activation in this instance indicated that the auditory stimulus from the ultrasonic scaling machine is perceived as aversive by the subjects and induces an unpleasant feeling. The results observed in our fMRI study are consistent with the results of the interview after routine treatment of dental calculus removal.

In [Table 2](#T2){ref-type="table"}, we show analysis of a "two-sample-test" between reactions to the ultrasonic scaling machine and the power suction tool, and between the ultrasonic scaling machine and 1000-Hz pure sound. A "two-sample-test" was not conducted between the power suction and pure sound due to the fact that neither stimulus elicited stimulation in the amygdala area. Therefore, we were unable to compare their effect on the amygdala. From the "two-sample-test" analysis, it appeared that the ultrasonic scaling machine stimulus induced a higher degree of activation in the auditory area compared to the power suction tool and the 1000-Hz pure sound. This higher level of activation\[[@ref9][@ref17]\] also enhanced neurotransmission between the auditory cortex and the associated auditory cortex.

From the results in [Table 2](#T2){ref-type="table"}, it can be seen that we were able to demonstrate that in the right parietal cortex area, subject exposure to ultrasonic scaling machine stimuli led to a greater degree of stimulation compared to the power suction tool and the 1000-Hz pure sound stimuli. The right parietal cortex is activated in response to negative emotional stimuli,\[[@ref7]\] so this observation further confirms that auditory stimuli from the ultrasonic scaling machine was perceived by the test subjects as an unpleasant, aversive auditory stimulus.

Patients often experience a sense of fear and anxiety during dental treatments. This is largely due to not knowing when the instruments will come in contact with the teeth due to the operation site being inside the oral cavity. In addition, the pain due to the treatment procedure is also associated with a sense of unpleasantness and fear. However, in addition to the nociceptive stimuli, this study demonstrated that aversive auditory stimuli such as sounds from the ultrasonic scaling machine also cause aversive emotions. This was indicated by observed stimulation of the auditory cortex as well as the amygdala, indicating that noise from the ultrasonic scaling machine was perceived as an aversive auditory stimulus by the patients. Perhaps playing pleasant music or a neutral sound to shift the patient\'s attention away from the machine sounds could reduce the aversive emotions.
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